Abstract -This paper describes ongoing research exploring systems factors which the authors see as linked to systems thinking.
INTRODUCTION
management must draw upon the tacit knowledge base of each system in order to realize the greatest possible value.
Complenineer sintrodued systems hare reas ncomplex. i Systems thinking in this context will be influenced by the tcnomlexiy isa inroducd through a dv ens in varied organizational cultures, processes, and values (e.g.
technology and through the logistics required to design and prtcig roieaynfmto).Tsenlucsae field these systems. As complexity increases, an ever smaller brrier topthetfre information) e han e andstemcentri fraction of the design knowledge iS documented [1] . For a brir otefe nomto xhneadsse-eti perspectives shown effective in literature and practice. A basic system component, 850 of the design knowledge is better understanding of the key cultural and technical process documented. By contrast, only 300O of a simple system's enablers of higher-level systems thinking would provide design knowledge is documented [1] . The remaining 7000 is system of systems teams with a framework around which to tacit knowledge encapsulated in the experiences of the structure their system of systems enterprises and information designers. The ability to recall and apply this knowledge to and decision making processes to promote systems thinking solve design problems is an application of systems thinking, a and systems awareness.
skill recognized as critical to problem solving [2] . As the This research focuses on understanding team-level complexity~õf systemsh increases sysem thinkingdm becomeve complexity of systems increases, systems thinking become systems thinking, or collaborative systems thinking, as a more important as a means to solve and avoid design precursor to organizational and systems or system-level problems. However, as complexity increases, the base of systems thinking. In the context of single-system design, knowledge and experience required to solve design problems multiple disciplines and components must be brought also grows. This increased requirement for both breadth and together. Traditional practices place an individual or small depth of experience drives the move towards explorimg group of individuals in charge of managing system-level systems thinking as a team-based property. This next step in issues. These systems engineers use tools and processes to the 'hierarchy of systems thinking' will enable complexity to consider the implications of design decisions and guide the be explicitly addressed at a higher level [3] .
team through the design process [8] . Systems thinking Discussions with practicing engineers illustrate examples cpblt ral nacstepromneo hs ytm of teams that 'clicked' and others that missed the mark. engineers [9] . Collaborative systems thinking seeks to While many factors contribute to a team's success of failure, dniytecniin ne hc em r bet hn systematically and therefore work more efficiently within the of the context, interrelationships, and dynamics of a system systems engineering framework. and its elements. The outcomes of this research will influence process
The benefits of systems thinking are associated with design and workforce development in organizations seeking problem solving [2] . These skills include the ability to to develop systems thinking. Understanding collaborative understand dynamic systems behavior, identify feedback systems thinking builds upon past research on individual processes, explain pattern of system behavior, and the ability systems thinking and will enable future research on to influence that behavior [17, 18] . Such skills are necessary organizational systems thinking and inter-organizational to understand the limitations of systems models, interpret and systems thinking in support of systems of systems.
influence non-linear processes, and recognize when time delays between systems inputs and outputs [18] . II. SYSTEMS THINKING Effective systems thinkers require familiarity with the problem, its base of knowledge, and should be able to Systems thinking is a term used and defined in several leverage both quantitative and qualitative data towards a different contexts. Most popular definitions originate in the solution [18] . This dual emphasis on technical and social field of systems dynamics [10, 11, 12, 13, and 14] and refer intelligences enables systems thinkers to more effectively to well defined bodies of knowledge and tool sets [13] . mobilize, organize, and coordination resources (human, Figure 1 shows a sampling of these definitions. Though financial and physical) towards the completion of systems different in wording, the common themes of complexity, design [19] . The A dynamics community [10, 11, 12, 13, and 14] Tie Aerospace Business -btcaI US. Workforce
The second definition in Figure 1 , "a method ofplacing Gremm the system in its context and observing its role within the X whole," explicitly states a reliance on observation as part of X systems thinking [12] engineering systems thinking. These efforts recognize the social and technical components of engineering systems Fig. 2 : Demographically, the aerospace workforce is much older than thinking [9, 16] . One study utilized over 200 interviews with the US workforce as a whole and can expect 25% of the current * *~~~~~~~~~-_* *_ +1 -r retirement threatens key knowledge resources within the to access the tacit knowledge of a system of system's industry. Figure 2 shows the demographics of the aerospace constituent systems and effectively apply systems thinking. Team-level systems thinking, or collaborative systems numbers in the 20-40 demographic correspond with the end thinking, is "an emergent behavior of teams resulting from of the Cold War and reduced defense spending [21] . As the the interactions of team members and utilizing a variety of 50+ age demographic retires, the remaining workforce is thinking styles, design processes, tools and communication small, young, and relatively inexperienced. media to consider the system, its components, Reductions in defense spending and increased systems interrelationships, context, and dynamics toward executing complexity have resulted in fewer program starts and longer systems design [25] ." program lifecycles. Figure 3 shows the expected number of
The definition of collaborative systems thinking builds manned fighter programs starts over the course of a 40-year upon that of [9] and incorporates the five key systems career by decade of graduation. An engineer entering the thinking themes shown in Figure 1 . What differentiates workforce in 1950 would have had the opportunity to work collaborative systems thinking from individual systems on nearly 50 manned fighter programs [22] . That same thinking is the concept of team thinking, or the group engineer entering the workforce today might only see two or processing of information through recall and interpretation three such programs. The same pattern is repeated for [26] . Within engineering, thinking is the purposeful, spacecraft and commercial aircraft [23, 24] . Fewer reasoned and goal-directed action towards solving a problem. opportunities to go through the development cycle mean The elements of thinking in this context are decision making, fewer opportunities to gain the experience shown to enable problem exploration (creativity), judgment of alternatives, good systems thinking.
and ultimately problem solving [26] . [27] . Throughout the career by decade of entrance to workforce [22] process of problem solving, teams use communication to stimulate their thinking and handle uncertainty inherent in Focusing on systems thinking at the team level offers a design [13] engineering processes: concept exploration, program Grounded theory provides the data analysis structure definition, engineering and manufacturing, and production within a three-phase research plan including a survey of and field support [8] . Other literature took a more basic applicable literature, pilot interviews to test initial ideas, and approach to process, breaking common practice into a field research phase utilizing case studies to provide the normative and natural camps [4] . The differentiator between actual data for analysis. Phases 1 and 2 are important in normative and natural design processes is in the order of the gauging what are the correct questions to ask and metrics to steps during early design. The natural design process use.
proceeds almost immediately to evaluation of a concept, whereas the normative process engages in-depth analysis of D. Phase 1. Survey ofLiterature the problem and solution space before transitioning to concept evaluation [4] . The natural process is reliant on The first phase of research is a literature review. By convergent thinking, where as the normative process engages drawing upon diverse fields such as systems dynamics, both divergent and convergent thinking styles. The systems engineering, team cognition, psychology, normative process has been shown to better handle design organizational culture and workforce development, a wide complexity [4] , and is therefore of greater interest when range of potential influences were considered. The elements considering collaborative systems thinking. Teamwork of team, process, and culture were chosen on the basis of literature was also consulted for input on the role of process available literature and offer an extension of the key enablers in team norm formation. This literature reinforced the pattern to individual systems thinking, as determined by [32] : Of culture and process interacting to form a team identity and individual characteristics, experiential learning, and enable the sharing of ideas [28] . Because this research exists supportive environment, within the aerospace domain, the industry emphasis on The cultural framework used is based on [33] and includes process standardization and maturity were also considered as visible structure and process, strategic goals, and shared, important elements. underlying beliefs. This framework is supplemented by
The outcome of the literature search was a framework engineering cultural archetypes typifying many of the relating the key variable of culture and technical process, behavioral and underlying beliefs permeating engineering shown in Figure 4 . By identifying and linking the key teams and organizations. These archetypes include the components of culture and process, leverage points were technophile, the expert and the non-communicator [34] . Each identified that drove interview and survey design. This archetype provides insight into the productive and framework is discussed in more detail in [35] . counterproductive tendencies of engineers and is used to Phase 1 also yielded information on team-based thinking, formulate questions used in Phase 3.
the role of creativity in systems thinking, ways in which personality types dictate team norms and thinking styles.
Team thinking includes the ability to tolerate uncertainty, see theme was often manifested in terms of good project the 'big picture,' think and take action as a team, and to management and teams composed of individuals with similar communicate using the multiple languages of design (e.g. working styles. sketching, equations, models, etc.) [36] . The themes of 'big picture' thinking and tolerating uncertainty draw clear F. Phase 3. Case Studies parallels between design thinking and systems thinking. Creativity was another recurring theme within the Phase 3 combines the preparation and vetting of phases 1 literature. Creativity is linked to divergent thinking and and 2 into a field study of aerospace engineering teams. Case problem solving and is supported by well-defined sets of studies are the primary data collection method. Flexible and team norms and beliefs [37] . Established processes, such as effective, case studies are well suited for exploratory research brainstorming, also exist to promote creativity within teams. and enable the gathering of many different types of data [39] . Because engineering cultural norms gravitate towards Case studies are also helpful in establishing external validity convergent thinking styles and a tendency to minimize of the collected data and for ensuring obtained results are interpersonal communication, processes and norms that sufficiently generalizable [39] . promote creativity are likely to enable collaborative systems Case studies utilize structured methods (e.g. surveys and thinking. Further literature on the role of personality types in structured interviews) and unstructured methods (e.g. team performance indicated little research had looked at observation and semi-structured or unstructured interviews). tailoring process to team personality type [38] despite the Structured data collection methods are well suited to predominance of specific personality traits among engineers. Results from this research may inform the core set of interviews with pre-selected team members and team values and information sharing processes to establish good supervisors. Semi-structured interviews are used to engage communication within system of systems management. the interviewee in a discussion about team and organizational While the technical component of systems of systems is culture. The interviews will collect primarily qualitative data important, the social component is even more so because to be analyzed using coding methods. Between four and six systems of systems exist only through the mutual agreement people from each team will be included in the follow-up of individual systems owners.
interviews.
Because system of systems management is a distributed Approximately 20 case studies will be completed to and collaborative activity, many of the lessons learned in [40] sample the 56 possible combinations of selection criteria. are likely enablers of system of systems level systems Because this is exploratory research, the goal is to sample thinking. [15] , this research is providing grounded empirical The research described above is ongoing and should be knowledge toward enabling a science of systems engineering. completed by early 2009 . At that point complete results will be published and shared with all participating organizations.
